Meyer GA, Lieber RL. Skeletal muscle fibrosis develops in response to desmin deletion.
SKELETAL MUSCLE IS A COMPOSITE tissue composed of multinucleated muscle cells embedded in a connective tissue matrix. The interaction between active muscle force generating components and passive extracellular matrix (ECM) force transmitting components provides skeletal muscle with its characteristic biomechanical properties, which enable it to produce work and resist extension. The amount of ECM is surprisingly consistent across individuals and across muscles, presumably due to the physiological balance between the passive and active mechanical properties of a muscle. However, in cases of disease (e.g., muscular dystrophies and diabetes) or altered use (e.g., immobilization, aging, exercise, and denervation), the amount of ECM can increase dramatically relative to muscle fibers, resulting in a condition known as fibrosis (11, 12, 15, 19, 35) . Tissue fibrosis represents a tremendous clinical problem, not only in muscles where it restricts range of motion and may be related to the process of contracture formation but also other tissues such as liver, kidney, lung, and heart (22) , highlighting the diversity and relevance of this adaptation.
Skeletal muscle cells are very mechanosensitive, as are the other cells that reside in the matrix (10, 13) . One putative pathway for the transmission of forces between the intracellular environment and the extracellular scaffolding is the intermediate filament protein desmin (21) . The desmin filament network comprises a significant portion of the cytoskeleton in skeletal muscle fibers and thus is likely to play a role in intracellular stabilization and organization. However, desmin also links to the ECM at costameres, suggesting it could have some influence on the organization and regulation of the matrix as well. Functional alterations to the active properties of desmin knockout (des Ϫ/Ϫ ) muscle have been well documented (24, 25, 34) , but much less is known about how the passive properties of muscle are affected, despite the fact that maintenance of proper passive extensibility is equally vital to skeletal muscle function (14) . This is easily appreciated in cases of muscle fibrosis, which can leave patients debilitated.
In this study, we demonstrate alterations in the passive mechanical properties of des Ϫ/Ϫ muscle at both the cellular level and in the ECM. Using a combination of protein assay, immunohistochemistry, and gene expression, we demonstrate a progressive fibrosis in response to the absence of desmin. Then, based on increases in inflammatory and regenerative markers, we suggest a potential causal relationship among loss of force transmission, cellular damage, and the proliferative response of the ECM cellular constituents. This model may prove particularly useful in understanding mechanisms of fibrosis in muscle since the mechanical and structural changes develop relatively slowly and uniformly along and across the muscle, in contrast to other methods of creating fibrosis that produce relatively complicated spatial injury patterns and often disrupt the microvasculature, thus complicating data interpretation.
METHODS
Experimental design. Experiments were performed on muscles from male wild-type (wt) 129/Sv (Taconic Farms, Germantown, NY) and desmin knockout (des Ϫ/Ϫ ) 129/Sv (28) mice. Mice were age matched in three age groups: "neonatal" (10 -20 days), "young" (7-9 wk), and "adult" (12-14 mo) . Animals were anesthetized with 2% isoflurane at 2 l/min and then euthanized by cervical dislocation. Hindlimbs were transected proximal to the knee and placed in a mammalian Ringer solution composed of the following (in mM): NaCl (137), KCl (5), NaH2PO4 (1), Na HCO3 (24), CaCl2 (2), MgSO4 (1), and glucose (11) with 10 mg/l curare for dissection. Experiments were performed on extensor digitorum longus (EDL), tibialis anterior (TA), gastrocnemius, quadriceps, or a combination of these muscles. All of these muscles are composed of Ն90% fast fibers (7) , and stress production deficiency in des Ϫ/Ϫ muscle is consistent between the EDL and TA (unpublished data) suggesting the des Ϫ/Ϫ phenotype is not unique to a single muscle. Care was taken to maximize tissue usage and experimental data available from each mouse. All procedures were performed in accordance with the National Institutes of Health's Guide for the Use and Care of Laboratory Animals and were approved by the University of California and Department of Veterans Affairs Committees on the Use of Animal Subjects in Research.
Muscle mechanical testing. Passive mechanical testing was performed on single fibers and fiber bundles from the fifth toe of the EDL muscle. Samples were isolated from at least five muscles per group (2 genotypes ϫ 3 ages) with approximately three fibers and three bundles per muscle subjected to testing (n ϭ 97 total fibers; n ϭ 84 total bundles). After dissection, muscles were stored in a glycerinated storage solution overnight composed of the following (in mM): K-propionate (170), K3EGTA (5), MgCl2 (5.3), imidazole (10), Na2ATP (21.2), NaN3 (1), glutathione (2.5), 50 M leupeptin, and 50% (vol/vol) glycerol. Before mechanical testing, muscles were removed from storage solution and transferred to a relaxing solution at pCa 8.0 and pH 7.1 consisting of the following (in mM): imidazole (59.4), KCH 4O3S (86), Ca(KCH4O3S)2 (0.13), Mg(KCH4O3S)2 (10.8), K3EGTA (5.5), KH2PO4 (1), Na2ATP (5.1), and 50.0 M of the protease inhibitor leupeptin.
Single fiber or fiber bundle segments (2-3 mm in length) were carefully dissected and mounted in a custom chamber. They were secured using 10 -0 monofilament nylon suture on one end to a force transducer (Aurora Scientific 405A; Aurora, ON, Canada) and on the other end to a titanium wire rigidly attached to a rotational bearing (Newport MT-RS; Irvine, CA). Sarcomere length provided an objective assessment of internal specimen strain and was measured by transilluminating the specimen with a low power laser diode. Segments displaying obvious abnormalities were not used.
Single fibers were brought to slack length (L 0), which was determined by the knot-to-knot length at which passive tension was just measurable above the noise level of the force transducer (ϳ1 mN). Sample length and diameter were measured with a cross-hair reticule mounted on a dissecting microscope and micromanipulators on an x-y mobile stage. The fiber was deformed incrementally in 10% L 0 steps at a strain rate of 20 FL/s and then allowed to stress relax for 3 min. Fibers were strained either to failure or to 100% L0, whichever was reached first. Fiber Cauchy stress was determined by dividing the tension by the fiber cross-sectional area at the end of each stretch. Fiber cross-sectional area was calculated based on the measured initial fiber diameter and the assumption that the fiber was cylindrical and isovolumic (38) . Fiber bundles were tested in the same manner as single fibers and consisted of 10 -20 fibers and their constitutive ECM.
Passive mechanical data were acquired via customized LabView software throughout the 3-min stress relaxation and analyzed in Matlab. Stress was plotted against sarcomere length at each stretch and fit with quadratic regression (r 2 Ͼ 0.98 for all samples). Tangent modulus was computed as the slope of the regression line at a sarcomere length of 3.9 m (the end of the predicted length-tension curve for mouse muscle).
ECM material properties were determined using the theory of composites, which states that the elastic modulus of a composite material is the sum of the elastic modulus of each component multiplied by its volume fraction (18) . This relationship is given mathematically by the rule of mixtures, stated below, and has been used previously to define the contribution of the ECM to muscle passive mechanics (33) .
The composite elastic modulus is given by E c, where Em and Ef are the matrix and fiber elastic moduli and Vm and Vf are the matrix and fiber volume fractions, respectively. Microarray processing. To gain insights into the biological processes associated with fibrosis, microarray analysis was performed on the TA muscle from wt and des Ϫ/Ϫ mice. RNA was extracted from whole muscles (ϳ30 mg tissue) using a combination of standard TRIzol (Invitrogen, Carlsbad, CA) and RNeasy (Qiagen, Valencia, CA) protocols. Muscles were homogenized for 60 s in a rotor-stator homogenizer on ice in 0.5 ml TRIzol, 0.1 ml of chloroform was then added, and the sample was vigorously vortexed for 15 s followed by centrifugation. The supernatant was removed and combined with an equal volume of 70% ethanol, and the mixture was filtered through the RNeasy spin column. The column was then washed, incubated with RNAse-free DNAse (Qiagen), washed again, and eluted as described in the manufacturer's protocol. RNA concentration was determined by the absorbance at 260 nm, and the 260-to-280 nm absorbance ratio was calculated to define RNA purity.
Individual Affymetrix microarrays ("GeneChip" Mouse Genome 430A 2.0 Array; Affymetrix, Santa Clara, CA) were used for each muscle. A total of 19 chips were used with 4 -5 chips per group (2 genotypes ϫ 2 ages). RNA processing for the GeneChip, including stringent quality control measures, was performed by the Gene Chip Core at the Department of Veterans Affairs San Diego Health Care System (San Diego, CA).
Genespring software (SiliconGenetics, Redwood City, CA) was used to identify genes that were differentially expressed as a function of genotype (wt or des Ϫ/Ϫ ) at two ages (young and adult). Three independent probe set algorithms were used for background subtraction and normalization (MAS5, RMA, and GCRMA), and each feature was normalized per chip and per gene as previously described (39) . Normalized expressions of identified genes, excluding putative genes and expressed sequence tags, were subjected to two-way ANOVA with a significance level (␣) set to 0.05 and a Benjamini and Hochberg false discovery rate multiple testing correction for present features. In accordance with Minimum Information About a Microarray Experiment (MIAME) standards, microarray data and annotations have been deposited via Gene Expression Omnibus (GEO; www.ncbi.nlm.nih.gov/geo/) and can be accessed with accession number GSE34388.
To investigate the biological context of transcriptional changes, the role of significant genes in various muscle pathways was investigated. Gene ontology (GO) analyses were performed using a web-based gene set analysis toolkit (WebGestalt; bioinfo.vanderbilt.edu/webgestalt/). In this analysis, a P value is generated for each pathway based on hypergeometric comparison of the number of genes present in that list to the number of genes expected to be present based on the size of the list.
Quantitative real-time PCR. In addition to microarray processing, isolated RNA samples were subjected to quantitative real-time PCR (qPCR) to provide validation of GeneChip expression values. After RNA was extracted from the muscle (as described for microarray processing) and diluted 1:5 with DNase/RNase free water, 1 l of each sample was reverse transcribed using standard protocols (Superscript III; Invitrogen). cDNA was amplified with the Eppendorf MasterCycler GradientS (Hamburg, Germany) with primers specific to the genes of interest. All primers were tested for cross-reactivity with other transcripts using nBLAST and Oligo (version 6.6; Molecular Biology Insights, Cascade, CO). All samples were run at least in triplicate on a 96-well plate. Each well contained 10-l volume made up of the KAPA SYBR FAST Master Mix (2ϫ) Universal (KAPA Biosystems) and forward and reverse primers.
Amplification conditions were as follows: an initial hold at 95°C for 2 min was followed by 40 cycles of denaturing at 95°C for 15 s, followed by annealing/extension at 68°C for 40 s. The success of each reaction was deduced based on the observation of a single reaction product on an agarose gel and a single peak on the DNA melting temperature curve determined at the end of the reaction. To express qPCR results, the standard curve method was used with the "cycles to threshold" value representing the PCR cycle number at which the SYBR green signal was increased above the threshold. Expression of each gene was normalized to its mean value.
Hydroxyproline assay for collagen content. Total collagen content was determined in the TA muscle using a colorimetric assay for hydroxyproline content (16) . Samples were taken from Ն5 muscles per group (n ϭ 45 total muscles). TA muscles were dissected from the hindlimb and immediately flash frozen in liquid nitrogen cooled isopentane. Portions of the muscle that contained no internal tendon were isolated and hydrolyzed in 6 N HCl at 110°C for 18 h. After hydrolysis, samples were neutralized and treated with a chloramine T solution for 20 min at room temperature followed by a solution of p-diaminobenzaldehyde for 30 min at 60°C. Sample absorbance was read from three aliquots of each sample at 550 nm. Hydroxyproline content was converted to collagen content using the extinction coefficient for hydroxyproline and dividing by the number of hydroxyproline residues in a molecule of collagen.
Immunohistochemistry. Cross sections (10 m thick) from flashfrozen muscle were cut from the midbelly of the TA muscle on a cryostat at Ϫ20°C (Microm HM500, Waldorf, Germany). Serial sections were stained with hematoxylin and eosin (H&E) to view overall fiber appearance (n ϭ 16 muscles). Centrally nucleated fibers were identified and manually counted as a fraction of all fibers in the cross section by an observer blinded to experimental identity. To visualize ECM components in the muscle, serial sections were immuonolabeled with primary antibodies to laminin (rabbit polyclonal; Sigma, St. Louis, MO) and type I collagen (rabbit polyclonal; Rockland, Gilbertsville, PA). Muscle sections were treated with BSA as a blocking agent and incubated with antibodies overnight. An Alexa Fluor 594 goat anti-rabbit immunoglobulin G (Invitrogen) secondary antibody was used for visualization.
Determination of fiber size was performed on laminin-stained sections (n ϭ 16 muscles) as previously described using a custom macro in ImageJ (NIH, Bethesda, MD; Ref. 29) . Filtering criteria required that fibers have an area Ͼ50 m 2 but Ͻ5,600 m 2 to eliminate neurovascular structures, and optically fused fibers and fibers touching the edge of the field were excluded. Additionally, circularity was required to be between 0.3 and 1.0 to prevent inclusion of obliquely sectioned fibers. Area fraction of ECM was also determined from laminin stained sections (n ϭ 20 total muscles). A background subtraction algorithm was applied to each image to normalize intensity values and remove any effects of background noise. Fiber centers, considered image background, were set to a value of 0 in the RGB channel, and image intensity was rescaled from 0 to 255. A threshold was then applied to each image and the relative number of white (stained) pixels vs. black (unstained) pixels was computed using ImageJ. Image processing settings were standardized across all sections, and computation of stained area fraction was automated eliminating any user error or bias. Systematic sampling across the section (3 fields per section) was performed in accordance with established stereological principles (40) . Before analysis, each image was inspected, and areas with sectioning artifacts, large blood vessels, or poor staining quality were omitted from quantification.
Flow cytometry. TA, gastrocnemius, and quadriceps muscle groups were dissected from both hindlimbs of wt and des Ϫ/Ϫ mice. Muscles were incubated in a digestive solution consisting of the following: collagenase type I (2.67 g/l), dispase II (75 g/l), penicillin (50 units/ml), and streptomycin (50 units/ml) in DMEM. Cells were then strained through a 70-m nylon filter, centrifuged, and resuspended in a buffer solution consisting of: EDTA (1 mM) and normal goat serum (2.5%) in sterile PBS. Cell preparations were incubated with primary antibodies on ice for 20 min. Compensation beads (BD CompBead Plus) were used as compensation controls for the fluorophores, and fluorescence-minus-one controls were generated by combining cells from each sample population with appropriate antibodies. After incubation, samples and controls were centrifuged, the supernatant was removed, and the pellet was resuspended in buffer solution. Two of the antibodies used (ER-TR7 and ␣-smooth muscle actin) were specific for intracellular structures, and thus cells used for this gating were fixed and permeabilized to allow the antibodies access to the cell interior. Cells were fixed by suspending them in a 70% ethanol solution on ice for 20 min and permeabilized by resuspending them for an additional 10 min in a blocking solution consisting of the following: BSA (2%), FBS (5%), Triton X-100 (0.2%), and sodium azide (0.1%).
Analysis was performed on a Special Order LSRFortessa (BD Biosciences, San Jose) with four lasers (405 nm, 50 mW; 488 nm, 50 mW; 561 nm, 100 mW; and 640 nm 50 mW 
RESULTS

Desmin knockout fibers and bundles have altered material
properties. Cauchy stress of isolated single fibers computed at the end of stress relaxation was fit with quadratic regression as a function of sarcomere length. Average fits of young wt fibers resulted in significantly higher stresses than young des Ϫ/Ϫ at long sarcomere lengths (Fig. 1A) . At the neonatal time point, when desmin levels first reach their mature level, wt and des Ϫ/Ϫ fiber stresses and moduli were not significantly different (P Ͼ 0.1; Fig. 1 , Aa and B, neonatal). However, as the muscle matured, des Ϫ/Ϫ fibers failed to develop normal biomechanical properties and were significantly more compliant compared with wt (P Ͻ 0.05; Fig. 1 , Ab and B, young). As the muscle continued to age, des Ϫ/Ϫ fibers maintained their modulus, while wt fibers became significantly more compliant (Fig.  1, Ac and B, adult) .
In contrast to the finding that young and adult des Ϫ/Ϫ fibers were more compliant or equally compliant as wt, young and adult des Ϫ/Ϫ bundles had higher stresses (Fig. 2 , Ab and Ac) and were stiffer compared with wt bundles (P Ͻ 0.05; Fig. 2B ). This difference in biomechanical properties occurred in spite of the fact that bundles showed no significant genotype differences at the neonatal time point (P Ͼ 0.5; Fig. 2, Aa and B) . Additionally, des Ϫ/Ϫ bundles exhibited increasing modulus with age, a trend that was absent in wt bundles. Two-way ANOVA revealed a significant effect of genotype (P Ͻ 0.01), age (P Ͻ 0.01), and a significant interaction (P Ͻ 0.01), explicitly demonstrating an age-dependent effect of genotype on modulus. In other words, the des Ϫ/Ϫ muscle became disproportionately stiffer with age.
In light of a recent report (27) demonstrating that differences in the material properties of single fibers and fiber bundles are due to the contribution of the ECM bundle modulus data suggest that des Ϫ/Ϫ muscle is chronically altering its ECM. There is support for this hypothesis based on the shapes of the stress-sarcomere length curves as well. Bundles have significantly more nonlinearity in their stress-sarcomere length relationships ( Fig. 2A) than fibers (Fig. 1A) . This nonlinearity is likely due to the contribution of the ECM which is known to have distinctly nonlinear material properties (33) . In addition to the fact that the young des Ϫ/Ϫ bundles sustain higher passive stress at longer sarcomere lengths, an increase in the nonlinearity of the stress-sarcomere length relationship is also evident (Fig. 2A, des Ϫ/Ϫ ). No significant differences were detected in either degree or rate of stress relaxation between genotype and age in either fibers or bundles. Thus the observed relationships between fully relaxed stress and sarcomere length are representative of the entire spectrum of stress relaxation. Additionally, no significant differences were observed in slack sarcomere length and fiber and bundle mechanical properties were qualitatively the same as a function of sarcomere length or specimen strain (data not shown).
Desmin knockout muscles have increased expression of ECM constituents. To investigate the basis for altered ECM properties in des Ϫ/Ϫ muscle, gene expression in the TA from young and adult mice was investigated. Of the 9,161 identified genes on the mouse chip, 1,018 (11%) genes in the young muscle and 3,172 (35%) genes in the adult muscle were differentially expressed with genotype. Only 452 of these genes were shared by both ages indicating that not only was there a larger genotype effect in the adult muscle (over twice the number of significant genes) but the effect was different between young and adult muscles.
The primary genes involved in ECM structure, organization, and remodeling in muscle were identified based on published pathways and literature searches (9, 36, 39) . A hierarchical gene clustering condition tree generated based on these genes did not cluster young des Ϫ/Ϫ separately from young wt but did result in the adult des Ϫ/Ϫ samples being clustered separately from the adult wt, indicating that the ECM was differentially regulated in these samples (Fig. 3A) . The condition tree clusters samples with similar expression patterns of genes of interest, which can be visualized by plotting gene expression by color with red indicating high expression and green indicating low expression. The four adult des Ϫ/Ϫ samples were clearly differentiated by their red color scheme indicating most of the genes involved in muscle ECM had higher normalized expression in adult des Ϫ/Ϫ muscle (Fig. 3A) . Indeed, 29 out of the 42 genes were significantly upregulated in the adult des Ϫ/Ϫ compared with the adult wt (P Ͻ 0.01), while only 5 were significantly upregulated in the young des Ϫ/Ϫ , compared with the young wt (P Ͻ 0.01).
The expression of three genes in the ECM list was confirmed by qPCR for adult muscle (Fig. 3B) . Consistent with GeneChip data, qPCR indicated that the expression of collagen type I (Col1a1), collagen type III (Col3a1), and transforming growth factor-␤ (Tgfb1) was significantly elevated in the adult des Ϫ/Ϫ muscle compared with wt muscle.
Although the genes presented in Fig. 3 are thought to be the primary contributors to ECM structure and maintenance, the list is by no means exhaustive. The GO pathway for ECM provides a more extensive list and a means to determine whether the pathway itself is overrepresented in adult des Ϫ/Ϫ muscle. Consistent with the expression results (Fig. 3A) , the ECM cellular component pathway (GO:0031012) was significantly overrepresented in adult des Ϫ/Ϫ muscle compared with adult wt (P Ͻ 0.05) but not in the young des Ϫ/Ϫ (P Ͼ 0.1). To confirm that gene expression changes result in an accumulation of protein in the ECM, intramuscular collagen content was measured. Collagen content was similar between genotypes in neonatal muscle but was significantly increased in young and adult des Ϫ/Ϫ muscle (P Ͻ 0.05; Fig. 4) . Addition- Fig. 1 . Desmin knockout (des Ϫ/Ϫ ) fibers from young muscle were more compliant compared with wild type (wt). A: passive Cauchy stress-sarcomere length quadratic curve fits for young wt (n ϭ 17) and des Ϫ/Ϫ (n ϭ 14) fibers. Aa: neonatal mice. Ab: young mice. Ac: adult mice. Although raw data were fit with quadratic regression, fiber stress-sarcomere length curves were nearly linear. Young des Ϫ/Ϫ fibers had significantly lower stress compared with wt at sarcomere lengths Ͼ3.7 m as determined by ANOVA with repeated measures. B: tangent moduli calculated from curve fits at a sarcomere length of 3.9 m for des Ϫ/Ϫ and wt fibers in 3 age groups. Young des Ϫ/Ϫ fibers were significantly more compliant compared with wt. However, there was no difference between neonatal or adult fiber stiffness values with genotype. *P Ͻ 0.05. ally, collagen content increased with age in des Ϫ/Ϫ muscle, a trend absent from wt muscle but similar to the increasing des Ϫ/Ϫ bundle stiffness (Fig. 2) . Two-way ANOVA revealed a significant effect of genotype (P Ͻ 0.05) and age (P Ͻ 0.05) as well as a significant interaction (P Ͻ 0.05), indicating that collagen content varied between genotypes in an age-dependent manner. This provides a biochemical explanation for the differential functional response of des Ϫ/Ϫ muscle to age. Although higher collagen content and gene expression were detected in des Ϫ/Ϫ muscle, flow cytometry data indicate no significant increase in the number of reticular (collagen producing) fibroblasts present in the muscle and no switch to a myofibroblastic phenotype (data not shown).
Desmin knockout muscle alters the amount and type of ECM with age. Although fiber bundle mechanics combined with gene and protein expression data demonstrated changes to the ECM in des Ϫ/Ϫ muscle with age, it is unclear whether there is simply excessive ECM accumulation or whether the properties of existing ECM are being altered (collagen arrangement, cross-linking, swelling, etc.). It is possible to calculate the material properties of the ECM from fiber and bundle data using the theory of composites, but first the volume fraction of ECM relative to muscle fibers must be defined. Since fiber bundles were manually dissected from the midbelly of the muscle away from either tendon, there is likely little variation in collagen content with length. Additionally, since all bundles were similar lengths, it is reasonable to assume that the volume fraction of ECM will scale with area fraction or, in other words, that the changes in ECM volume fraction will all occur laterally in the spaces between fibers. Thus ECM area fraction can be determined histologically and substituted for volume fraction into Eq. 1 since both values are unitless.
On H&E stained cross sections, a small increase in interfiber spacing can be seen in the des Ϫ/Ϫ muscle compared with the wt muscle (Fig. 5 , Aa and Ad). Presumably this increased spacing is due to accumulation of ECM, but to ensure that it was not a sectioning artifact, sections were immunostained for two important components of the ECM: laminin and type I collagen. In immunostained sections, a small increase in staining apparent in des Ϫ/Ϫ compared with wt muscle demonstrated that the increased interfiber spacing was indeed ECM (Fig. 5 , Ab, Ac, Ae, and Af). The area fraction of laminin staining was slightly, but significantly greater in the des Ϫ/Ϫ compared with wt muscle, from ϳ10 -15% in both young and adult sections, Fig. 2 . Des Ϫ/Ϫ bundles from young and adult muscle were stiffer compared with wt. A: passive Cauchy stress-sarcomere length quadratic curve fits for young wt (n ϭ 10) and des Ϫ/Ϫ (n ϭ 12) bundles. Aa: neonatal mice. Ab: young mice. Ac: adult mice. Bundle curves were more nonlinear than fiber curves (compare with Fig. 1A ) with increased nonlinearity in the young des Ϫ/Ϫ curve relative to young wt. Young and adult des Ϫ/Ϫ bundles had significantly higher stress than wt at sarcomere lengths greater than 4.1 m and 3.7 m, respectively, as determined by ANOVA with repeated measures. B: tangent moduli calculated from curve fits at a sarcomere length of 3.9 m for des Ϫ/Ϫ and wt bundles in three age groups. Young and adult des Ϫ/Ϫ bundles were significantly stiffer compared wt. However, there is no difference in neonatal bundle stiffness with genotype. Additionally, there was a significant genotype-age interaction as determined by two-way ANOVA due to continually increasing bundle stiffness with age in des Ϫ/Ϫ bundles that was absent in wt bundles. *P Ͻ 0.05.
suggesting an accumulation of ECM in des Ϫ/Ϫ muscle (P Ͻ 0.05; Fig. 5B ). Laminin staining was chosen for quantification so as not to exclude the basement membrane from the ECM definition, but area fraction measures on H&E and type I collagen stained sections yielded similar results (data not shown).
With the use of the ECM area fraction calculated from the laminin images (Fig. 5B) , des Ϫ/Ϫ and wt fiber moduli (Fig. 1B ) and des Ϫ/Ϫ and wt bundle moduli (Fig. 2B) , a modulus value for des Ϫ/Ϫ and wt ECM was calculated using composite theory. Although there was a significant increase in the area fraction of ECM in both young and adult des Ϫ/Ϫ muscle, it did not quantitatively account for the altered adult fiber bundle properties. Since ECM modulus was significantly higher in adult des Ϫ/Ϫ muscle (P Ͻ 0.01; Fig. 5C ), but not in young, these data suggest that the ECM in des Ϫ/Ϫ muscle first proliferated and then altered its mechanical properties with age.
Desmin knockout muscle shows signs of inflammation and regeneration. While these results indicate a progressive change in des Ϫ/Ϫ ECM with age, the mechanism for this alteration is unknown. Frequently, muscle fibrosis is preceded by inflammation, potentially caused by injury and cycles of regeneration (32, 36) . Injury studies in des Ϫ/Ϫ muscle have yielded conflicting results with some noting an increased susceptibility to injury, some noting a decreased susceptibility, and some noting no difference (24, 25, 34) . To investigate the potential role of inflammation and regeneration in des Ϫ/Ϫ muscle fibrosis, gene expression profiles in these categories were investigated. A gene list composing 18 genes involved in inflammation and 11 genes involved in muscle regeneration was generated based on previously published physiological pathways and literature results (4, 8, 39) . A condition tree of expression data generated based on these genes clustered young des Ϫ/Ϫ separately from young wt (P Ͻ 0.05; Fig. 6 ) but did not cluster the adult des Ϫ/Ϫ samples separately from the adult wt (P Ͼ 0.1). This result suggests that inflammation and regeneration could play a significant role in young des Ϫ/Ϫ muscle ECM remodeling. Six of the 18 genes identified as being involved in inflammation (33%) were significantly upregulated in young des Ϫ/Ϫ samples over wt compared with only 3 in adult des Ϫ/Ϫ . Expression of three genes involved in inflammation, and regeneration was again confirmed by qPCR (Fig. 6B) . Consistent with GeneChip data, qPCR expression of interleukin-6 (Il6) was significantly higher in the young des Ϫ/Ϫ compared with wt, and expression of muscle LIM protein (Csrp3) and expression insulin-like growth factor (Igf1) were both increased (though not significantly) in the adult des Ϫ/Ϫ compared with wt. Consistent with these results, GO pathways involved in inflammation and response to stress were overrepresented in the young des Ϫ/Ϫ compared with the young wt including response to wounding (GO: 0009611; P Ͻ 0.05), inflammatory response (GO: 0006954; P Ͻ 0.005), and regulation of tumor necrosis factor (GO: 0032680; P Ͻ 0.05), none of which were significantly different in the adult muscle groups. Two hallmarks of regenerating fibers in muscle are small cross-sectional areas and centrally located nuclei. Centrally nucleated fibers were identified in des Ϫ/Ϫ and wt muscle using H&E-stained sections (Fig. 7A) . Quantification of the number of centrally nucleated fibers as a fraction of total fibers in the cross section showed a significant increase in young des Ϫ/Ϫ muscle compared with wt (2.23 Ϯ 0.06 and 0.37 Ϯ 0.10%, respectively; P Ͻ 0.001; Fig. 7B) . Interestingly, the number of centralized nuclei continued to increase in the des Ϫ/Ϫ muscle with age, but remained the same in wt (5.85 Ϯ 0.49 and 0.42 Ϯ 0.05%, respectively; Fig. 7B ). Consistent with this result, a histogram of fiber sizes in both young and adult des Ϫ/Ϫ cross sections shows a leftward shift toward smaller fiber diameters, with over twice the number of fibers with areas Ͻ100 m 2 in the des Ϫ/Ϫ sections compared with wt (Fig. 7C ). Flow cytometry data support an increased state of injury and inflammation as well. Muscle-resident stem cells can be classified in two primary populations, muscle progenitor (MP) cells and fibroadipogenic progenitor (FAP) cells, the dynamics of which have been shown to change with injury. Specifically, in response to injury, the MP population decreases while the FAP population increases (17) . Stem cell populations in des compared with the adult wt as does bundle tangent modulus. There is a significant genotype-age interaction determined by two-way ANOVA. *P Ͻ 0.05. muscle show a similar shift in population dynamics. Cell populations identified by the MP marker ␣ 7 -integrin were significantly decreased in des Ϫ/Ϫ muscle compared with wt while cell populations identified by the FAP marker Sca-1 were elevated in des Ϫ/Ϫ muscle compared with wt though not significantly (Fig. 8A) . Additionally, cell populations identified by the macrophage markers CD11b and F4/80 were significantly elevated in des Ϫ/Ϫ muscle compared with wt indicating increased macrophage infiltration (Fig. 8B) . The macrophage population can be further subdivided into classically activated macrophages (M1), which are inflammatory and initially recruited to the injury site, and alternatively activated macrophages (M2), which are fibrotic and appear at a later stage (3). Although both populations were elevated in the des Ϫ/Ϫ muscle, the relative contribution of each population remained the same as in wt (Fig. 8B) . Together, these data indicate an increased state of inflammation and regeneration in des Ϫ/Ϫ muscle that resembles an injury response.
DISCUSSION
The main result of this study is that while des Ϫ/Ϫ and wt muscles are "born" with identical fiber and ECM material properties, these properties diverge becoming quite different with age. Specifically, des Ϫ/Ϫ fibers become more compliant compared with wt fibers (Fig. 1) while des Ϫ/Ϫ bundles become progressively stiffer with age compared with wt bundles (Fig.  2) . This result suggests that des Ϫ/Ϫ muscles are chronically altering their ECM and likely increasing the fraction of the load that is born by the ECM rather than the muscle fibers themselves. Evidence supporting this hypothesis was consistently observed using a number of measurement methods including direct measurement of fiber and bundle biomechanical properties, biochemical assay of collagen content, morphological measurement of ECM area fraction, gene expression patterns and flow cytometry.
The general notion that muscle fibers and their ECM properties are somehow complimentary is already deeply rooted in the muscle physiology literature. For example, it has been established in animal models and human experiments that the compliance of muscle connective tissue is extremely consistent and has a specific relation to the properties of the contractile tissue within the muscle. Connective tissue compliance is also interpreted in terms of functional differences, as variations between sprinters and endurance runners has been documented in terms of locomotion efficiency (20) or body acceleration (6) . In all cases, it is not known whether such different connective tissue properties "develop" or are "born" into the system. The results of the current study suggest that either process is possible. It is interesting that wt fibers became stiffer and then more compliant with age while des Ϫ/Ϫ fibers maintained their properties. The mechanism for this difference is unknown, but GeneChip data indicate a significant decrease in desmin expression in the adult wt samples compared with young (data not shown), so the wt fiber cytoskeleton may be developing normally but then becoming compromised with age. More studies are required to investigate this hypothesis.
Additionally, the observed decrease in collagen gene expression in wt muscle between the young and adult age groups is interesting as it contrasts with our observation that bundle stiffness and collagen content continue to increase. This discrepancy may be due to the fact that collagen accumulation in muscle is a function both of its production and of its breakdown, and thus collagen gene expression does not necessarily correlate with collagen content. We note that in adult des Ϫ/Ϫ samples, there is also a significant increase in matrix metalloproteinase (MMP) expression (proteases involved in collagen breakdown) and differential expression of some tissue inhibitors of MMP activity (TIMPs). We think that the overall picture of ECM-related gene expression in adult des Ϫ/Ϫ muscle compared with adult wt is increased ECM turnover. It is only when combined with hydroxyproline and immunohistochemical measures of collagen content that changes in collagen sections, which correlated with thicker and brighter staining for laminin and collagen I, suggesting an increase in ECM area. Scale bars ϭ 100 m. B: area fraction of ECM quantified from laminin-stained sections. There was a small, but significant, increase in the area fraction of the ECM in both young and adult des Ϫ/Ϫ muscle. C: although there was an increase in the area fraction of the ECM in both young and adult des Ϫ/Ϫ muscle, it was not enough to account for the measured changes in adult bundle stiffness, and calculated ECM tangent modulus was significantly higher in adult des Ϫ/Ϫ muscle. *P Ͻ 0.05. expression can be related to collagen content in muscle. ECM area fraction from micrographs must also be interpreted with caution as it may not adequately represent the complexity of the load-bearing portion of the ECM. Since there are as yet no universally accepted methods to estimate this actual number, we have used area fraction as defined in stereology (40) as a first approximation. It is interesting that, in the absence of the muscle specific intermediate filament desmin, alterations to the cytoskeleton lead to whole muscle adaptation. Our gene expression data provide some insight into a potential mechanism of muscle adaptation in this particular system. We noted that in young des Ϫ/Ϫ muscle, genes involved in the inflammatory pathway were upregulated (Fig. 6) . We speculate that the loss of desmin results in a loss of intermyofibrillar mechanotransduction, which leads to muscle injury during development, as the muscle is less equipped to distribute strains imposed by everyday activity. In response to this injury, the muscle then experiences an inflammatory response that eventually results in regeneration. However, since the regenerated fibers still lack desmin, they will still be susceptible to further injury. Since the inflammatory pathway is already known to be fibrosis inducing (23, 36), we speculate that the mechanism of "stiffening" of the ECM is mediated through these inflammatory pathways. Importantly, this type of response would provide a negative feedback loop in that, after stiffening, the ECM would prevent excessive fiber strain, which is believed to be related to muscle fiber injury (2, 30, 31) , which would then relieve the inflammatory stimulus and stabilize the ECM system. Of course, this suggested mechanism is speculative at this point but can be experimentally tested.
Although there is some existing evidence for increased stiffness (1) and regeneration (24, 25) in desmin knockout muscle, this study provides a potential mechanistic link between these findings. Additionally, The current data have implications for interpreting our previous results on des Ϫ/Ϫ muscle injury with age. Previously, we reported that des Ϫ/Ϫ muscles generated lower isometric stress were less susceptible to injury compared with their wt counterparts (34) . These results were interpreted exclusively in terms of the mechanical effects of desmin on the cytoskeletal lattice. This finding was then followed by reports demonstrating increased myofibrillar compliance (37) and by a theoretical model that provided the same results (26) . We used these approaches to suggest that des Ϫ/Ϫ muscles generate lower Fig. 7 . Des Ϫ/Ϫ muscle showed signs of regeneration. A: sections from the tibialis anterior midbelly of young and adult des Ϫ/Ϫ muscle stained with H&E showed an increased number of centrally nucleated fibers (arrows) compared with wt, which is a hallmark of muscle regeneration. Scale bars ϭ 100 m. B: quantification of H&E-stained sections showed a significant increase in the number of centrally nucleated fibers in both young and adult des Ϫ/Ϫ sections compared with wt where Ͻ1% of fibers were centrally nucleated. Additionally, the number of centrally nucleated fibers increased in the des Ϫ/Ϫ muscle with age but did not in the wt. Two-way ANOVA yielded a significant effect of genotype and a significant genotype-age interaction. C: histograms of young and adult des Ϫ/Ϫ fiber sizes quantified from laminin-stained sections revealed a leftward shift toward smaller fiber sizes compared with wt. *P Ͻ 0.05. stress because of less efficient force transmission across the myofibrillar lattice and experience less injury because of lower shear stresses across the fiber. The current results suggest that mechanical explanations alone do not explain the desmin knockout model. Our results suggest that lower stress generated by des Ϫ/Ϫ muscles is a result of the inflammatory process that has compromised either the excitationcontraction coupling system, the force transmitting system, or the force generating system. Further, it is possible that the "lower" injury to des Ϫ/Ϫ muscles simply results from the fact that they are already in a state of inflammation and regeneration from everyday activity. The fact that such divergent mechanisms can be invoked to explain the current experimental results highlights, in part, the complex nature of the skeletal muscle tissue force-generating system.
Skeletal muscle fibrosis is a highly sensitive but nonspecific adaptation to a multitude of altered use paradigms. Nearly all primary myopathies have fibrosis as a defining parameter, which is obvious to the practicing pathologist and diagnostic for disease. However, the development of therapies for prevention and reversal of fibrosis are still in their infancy. There is an increased focus on the development of antifibrotic therapies (5, 23) ; however, most of these are accomplished indirectly by suppression of the muscle inflammatory response. In light of the current studies, we suggest that inhibition of fibrosis might ultimately be detrimental to the muscle since no structure would be present that could prevent the excessive sarcomere strain that leads to muscle fiber injury. More "physiological" therapies might be envisioned that mechanically stabilize the muscle tissue without preventing the excessive fibrosis that can lead to contracture or tissue dysfunction. Future studies are required in this area that take into account both the biological biomechanical complexity of skeletal muscle tissue.
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